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(54) An implantable cardiac stimulation device 

(57) A system and method for discriminating a 
fusion beat from an evoked response during the auto- 
capture/autothreshokJ routines of an implantable stimu- 
lation device is provided. The presently disclosed 
system and method reliably verifies capture in an 
implantable stimulation device by accurately discrimi- 
nating a fusion beat from an evoked response based on 
an analysis and comparison of the morphology, ampli- 
tude, polarity, pattern and/or timing intervals of resulting 
T-waves. The disclosed system for discriminating a 



fusion beat includes a pulse generator; a means for 
sensing voltage signals evidencing depolarization and 
repolarization of cardiac tissue; and a microprocessor 
based means for determining, based on an analysis of 
the subsequent T-waves, whether a voltage signal that 
occurs during the capture detection window is a depo- 
larization voltage signal, which evidences capture, or a 
fusion beat. 
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Description 

[0001] The present invention relates to implantable 
medical devices and methods, and more particularly to 
an implantable cardiac stimulation device, such as an 
implantable pacemaker or an implantable cardio- 
verter/defibrillator that provides a method for discrimi- 
nating fusion events and non-fusion events during 
operation of autocapture/autothreshold routines by 
monitoring changes in the T-wave. 
[0002] Implantable pacemakers generate electrical 
stimulation pulses and deliver such stimulation pulses to 
atrial and/or ventricular muscle tissue of a patient's 
heart at a prescribed rate when, through disease or 
other causes, the heart is not able to maintain the pre- 
scribed heart rate on its own. "Capture" of the patient's 
heart occurs when the applied electrical stimulus gener- 
ated by the pacemaker is of sufficient energy to stimu- 
late or depolarize the cardiac muscle tissue, thereby 
causing a cardiac contraction thereby forcing the heart 
rate or rhythm to track the delivery of the electrical stim- 
uli. A capture event is typically represented by an 
evoked R-wave of an intercardiac electrogram (IEGM) 
signal. Capture fails to occur when the applied stimulus 
is of insufficient energy to stimulate or depolarize the 
cardiac tissue and the heart rate is not controlled by the 
pacemaker. This is also referred to as a "loss-of-cap- 
ture" went Needless to say. for a cardiac pacemaker to 
properly perform its intended function, it is critically 
important that the electrical stimuli it issues be of suffi- 
cient energy to capture the heart, i.e., to cause the car- 
diac tissue to depolarize. 

[0003] The energy of the electrical stimuli gener- 
ated by an implanted pacemaker is derived from the 
energy stored in the pacemaker battery. The pacemaker 
battery has a limited amount of energy stored therein, 
and the generation of electrical stimuli represents by far 
the greatest drain of such energy. In order to preserve 
this limited energy and prolong the life of the pacemaker 
battery, it is known in the art to adjust the energy of the 
delivered electrical stimuli so that it is just sufficient to 
cause capture, with an appropriate safety margin. See, 
e.g., U.S. Patent Nos. 3,949,758 and 4,686,988. The 
amount of energy needed to effectuate capture is 
known as the capture "threshold", and electrical stimuli 
of energy less than the capture threshold do not bring 
about capture, while electrical stimuli of energy greater 
than the capture threshold do bring about capture. 
Many recent generation pacemakers also include auto- 
capture and autothreshold features that enable the 
value of the capture threshold of a given patient to be 
regularly determined, thereby enabling the output 
energy of the pacemaker stimulus to be optimally set to 
an autocapture value that is above the capture thresh- 
old, but not too far above the capture threshold, so as to 
conserve the energy in the pacemaker battery. 
[0004] Reliably determining capture within an 
implantable pacemaker is not an easy task. Some 



implantable pacemakers perform a Capture Verification 
Routine on a continuing basis and take remedial actions 
whenever a loss-of-capture occurs. Other Capture Veri- 
fication Routines are performed by the implantable 

5 pacemaker on a periodic basis to automatically main- 
tain the capture threshold at an appropriate value. It will 
be appreciated that these "autocapture" routines, there- 
fore, are critical to maximize the effectiveness and effi- 
ciency of the pacemaker. Recent generation 

10 implantable pacemakers typically initiate their autocap- 
ture routine, if not on a regular basis, then when two or 
more successive loss-of-capture events occur. When 
this happens, the autocapture routine instructs the 
pacemaker to incrementally increase the energy of the 

75 output stimulus until capture occurs. As a safety precau- 
tion, a high output backup stimulus is provided, when- 
ever there is a detected loss-of-capture, in order to 
maintain the cardiac rhythm of the patient. 
[0005] Another feature commonly found in recent 

20 generation implantable pacemakers is an "autothresh- 
old" routine which is periodically employed to ensure 
that the energy level of stimulation pulses are as low as 
possible in order to conserve the pacemaker's battery 
power, but high enough to safely insure capture. During 

25 an autothreshold routine the implantable pacemaker 
decrements the energy of its output stimulus until cap- 
ture is lost The output energy is then incrementally 
increased until capture is regained. As with the autocap- 
ture routine, every loss-of-capture of the primary output 

30 "stimulus is typically followed by a high output back-up 
stimulus in order to maintain the cardiac rhythm of the 
patient during the process. Because of their similar 
functions, the autocapture and autothreshold routines of 
a pacemaker are usually conducted in conjunction or 

35 even simultaneously with each other. Thus, the term 
"autocapture/autothreshold" routine will be used herein 
to refer to either or both an autocapture routine or an 
autothreshold routine. 

[0006] The presence of fusion events or fusion 

40 beats during operation of autocapture/autothreshold 
routines can introduce anomalies into the intercardiac 
electrogram (IEGM) data used by those routines to ver- 
ify capture. A fusion beat is typically a ventricular or 
atrial depolarization that starts from two foci, one spon- 

45 taneous and the other a result of pacemaker stimulus. 
Fusion beats can result in the magnification, diminish- 
merrt or abolition of the R-wave of the sensed voltage 
signal. If magnified, the voltage signal could be miscias- 
sified as an evoked signal, resulting in the pacemaker 

so missing a loss-of-capture event and defining the auto- 
capture and/or autothreshold value as lower than it 
actually is. Conversely, if the R-wave of the sensed volt- 
age signal is diminished or abolished by the fusion beat, 
the pacemaker may incorrectly identify the signal as a 

55 loss-of-capture. resulting in autocapture/autothreshold 
values being set higher than the actually are. 
[0007] What is needed, therefore, is a very reliable 
method of discriminating between capture and loss-of- 
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capture in an implantable pacemaker and, more partic- 
ularly, a method of determining whether a response 
sensed during an autocapture/autothreshold routine is 
a fusion beat, which may or may not be indicative of 
capture, or is an evoked response. When a fusion beat 
is identified during the autocapture/autothreshold rou- 
tines, the corresponding IECG data should be identified 
appropriately and the routines repeated to the extent 
necessary to make a clear determination of capture or 
loss-of-capture. 

[0008] The classical approach to determine capture 
during the autocapture/autothreshold routines is to 
apply a ventricular stimulus (V-pulse) of varying output 
energy (i.e., amplitude and/or width) in order to search 
for the capture threshold. The implantable pacemaker 
looks for an evoked R-wave response with each and 
every V-pulse applied. The evoked R-wave response is 
typically monitored within 5-100 msec of the V-pulse 
(i.e., within a prescribed time window after the issued V- 
pulse, generally referred to as the "capture detection 
window") to determine if the issued V-pulse caused cap- 
ture. If no ventricular evoked response is sensed, a sub- 
sequent ventricular "backup" pulse may be issued, and 
the search for the capture threshold continues. If a ven- 
tricular response is sensed, then the pacemaker circuits 
assume that the capture threshold is less than the 
energy of the most-recently issued V-pulse, and there- 
after sets the V-pulse energy to an appropriate value 
above such threshold. 

[0009] Several related art methods of capture verifi- 
cation are disclosed, for example, in U.S. Patent Nos. 
4,686,988, 4,81 7,605, and 5,222,493 (all of Sholder and 
each incorporated in its entirety by reference herein) 
which deal with sensing the evoked response using var- 
ious sensing configurations and a special evoked 
response (ER) amplifier. None of these patents disclose 
methods of discriminating fusion beats nor do they rec- 
ognize that capture can be determined from an evalua- 
tion and analysis of the T-wave and the V-pulse to T- 
wavetime interval. 

[0010] In U.S. Patent Nos. 4,674,508; 4,674,509; 
4,708,142; 4,729,376; and 4,913,146 (all of DeCote. Jr. 
and each incorporated in its entirety by reference 
herein), the autocapture and capture-determining meth- 
ods involve issuing a double stimulation pulse, sepa- 
rated in time by less than the natural refractory period of 
the heart. Hence, at most only one of the pulses can 
induce cardiac capture. DeCote Jr. teaches subtracting 
the post-pulse lead recovery artifacts (50 msec follow- 
ing pulse) for both pulses. In the absence of capture, 
such post-pulse artifacts are essentially identical, and 
the difference is zero. If capture occurs, however, the 
post-pulse artifacts are significantly different, and the 
difference is not zero. Again, none of these patents dis- 
close methods of discriminating fusion beats from the 
post-pulse artifacts nor do they recognize that capture 
can be determined from an evaluation and analysis of 
the T-wave characteristics. 



[001 1 ] Still other related art is disclosed in U.S. Pat- 
ent No. 5,350,410 issued to Kleks et al. and also incor- 
porated in its entirety by reference herein. In the Kleks 
et al. disclosure the Capture Verification Routine also 

5 uses double pulses, but uses a more sophisticated tech- 
nique than the aforementioned DeCote Jr. techniques 
for digitally analyzing and comparing the evoked 
response after the pulses. See also U.S. Patent No. 
5,766,229 (Bornzin) issued 6/16/98, incorporated in its 

10 entirety by reference herein, which teaches that capture 
should be verified only infrequently, and only when the 
heart rhythm is stable. The Bornzin disclosure 
describes a method of capture verification that involves 
shortening the cycle length significantly from that of the 

75 stable rhythm, which advantageously reduces the likeli- 
hood of fusion. 

[001 2] The T-wave is mostly ignored in prior art pat- 
ents that rely on the IEGM signal for sensing when cer- 
tain cardiac events occur. In many instances, the 

20 existence of the T-wave in the IEGM signal is regarded 
as a nuisance. A few related art patents, however, do 
rely on the T-wave for certain purposes. For example, 
U.S. Patent No. 4,556,062 issued to Grassi et al., incor- 
porated in its entirety by reference herein, discloses the 

25 use of the slope of the T-wave as an indication of what 
the basic stimulation frequency of a rate-responsive 
pacer should be. 

[0013] In addition, U.S. Patent No. 4,228.803, 
issued to Rickards and incorporated in its entirety by 

30 reference herein, teaches measuring the time interval 
between the stimulus pulse and the following T-wave. 
Variation in such stimulus to T-wave interval is then 
used as a parameter to control the pacemaker escape 
interval, thereby adjusting the pacing rate as a function 

35 of the stimulus to T-wave interval. There are also several 
related art references that utilize the mere sensing of 
the T-wave or T-wave parameters to aid in the verifica- 
tion of capture. These related art references include 
U.S. Patent No. 5,161,529 issued to Stottes et al.; U.S. 

40 Patent No. 4,880,004 issued to Baker Jr. et al. ; and U.S. 
Patent No. 4,557,266 issued to Schober; each of which 
is incorporated in its entirety by reference herein. 
[0014] More recently, the T-wave has been used as 
part of a Capture Verification Routine as disclosed in 

45 U.S. Patent No. 5,476,487 (Sholder), issued 12/19/95, 
the disclosure of which is incorporated by reference 
herein. The Sholder patent teaches a method of deter- 
mining capture or lack-of-capture by measuring the 
stimulus-to-T-wave time period rather than looking for 

so an evoked response immediately following application 
of the V-pulse. In particular, it looks for a significant 
chance in the stimulus-to-T-wave time for a series of 
ventricular pulse pairs, where the first pulse of each pair 
has decreasing energy from that of a first pulse of a 

55 prior pair, and the backup pulse of each pair is always of 
sufficient energy to cause capture. The time interval 
between the first stimulus to the T-wave is compared to 
a reference value for a given patient. If there is a signif i- 
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cant change in this time interval, then the first pulse is 
assumed to have lost capture and any resulting T-wave 
occurred due to the backup pulse. Thus, the Sholder 
patent teaches capture or loss-of -capture based on a 
change in the stimulus to T-wave interval. 
[0015] None of these references or applications 
recognizes that, during an autocapture/autothreshold 
routine, variations in the T-wave morphology, pattern 
and/or stimulus to T-wave time interval may be used to 
determine whether a sensed voltage signal, occurring 
during the capture detection window, is an event signify- 
ing capture, signifying a fusion event or signifying loss- 
of -capture. Thus, the occurrence of fusion events during 
autocapture/autothreshold routines continues to result 
in inefficient and potentially dangerous adjustments to a 
pacemaker's operational parameters, as such fusion 
events are mistaken either for evoked responses to a 
stimulation pulse or for a loss-of-capture event. 
[0016] The present invention addresses the above 
and other needs by providing a method for discriminat- 
ing a fusion beat from an evoked response in an 
implantable cardiac stimulating device, especially dur- 
ing the autocapture/autothreshold routines of the 
device, based on an analysis of one or more attributes 
of T-waves. 

[001 7] Also provided herein are implantabl e cardiac 
stimulating devices employing this method. In particular, 
the disclosed method involves analysing the stimulus to 
T-wave time interval, the morphology and/or the pattern 
of T-waves that occur during execution of the autocap- 
ture/autothreshold routines to determine whether a volt- 
age waveform sensed in response to a stimulation pulse 
is the result of capture or is a fusion event 
[0018] .j To discriminate between an evoked 
response (i.e., capture) and a fusion beat (or fusion 
event), at least one attribute of the T-wave following the 
sensed voltage waveform, such as, the stimulus to T- 
wave time, the morphology and/or the pattern of the T- 
wave. is analyzed If the measured value of the T-wave 
varies more than a predetermined amount from the 
value of the same attribute of a reference T-wave, then 
the voltage waveform is identified as a ventricular 
evoked response, signifying capture. If, on the other 
hand, the measured value of the T-wave attribute varies 
from the value of the attribute for the reference T-wave 
by more than the predetermined amount, the voltage 
waveform is identified as a fusion event, and the auto- 
capture/autothreshold routine is modified to cure the 
fusion problem 

[0019] Advantageously, the present invention may 
also be used to reliably determine whether a loss-of- 
capture event or fusion event has occurred when no 
voltage signal has been detected during the capture 
detection window. This loss-of -Capture Verification 
Routine is performed by continuing the pacemaker's 
sensitivity to voltage signals for a specified period fol- 
lowing the termination of the capture detection window. 
If a voltage signal (T-wave) is detected during this time 



period, it is assumed that the lack of detectable voltage 
signal during the capture detection window was the 
result of a fusion beat and the pacemaker initiates its 
fusion event recovery routine. If, on the other hand, no 

5 T-wave is detected following termination of the capture 
detection window, then it is assumed that an actual loss- 
of-capture has occurred and the pacemaker initiates its 
Loss-Of-Capture Recovery Routine. 
[0020] A preferred method provided herein, for dis- 

10 criminating a fusion beat from an evoked response dur- 
ing the autocapture/autothreshold routines of an 
implantable pacemaker involves the steps of: (1) defin- 
ing at least one select attribute (i.e. stimulus to T-wave 
time, morphology and/or pattern) of a reference T-wave; 

75 (2) sensing a voltage signal during the capture detection 
window of autocapture/autothreshold routines; (3) 
measuring the at least one attribute of the T-wave that 
immediately follows the sensed voltage signal; and (4) 
classifying the sensed voltage signal as either a true 

20 evoked response, if the attributed) of the measured T- 
wave has not varied from the attribute(s) of the refer- 
ence T-wave by more than a prescribed amount, or clas- 
sifying the sensed voltage signal as a fusion beat if the 
attributed) of the measured T-wave has varied from the 

25 attributed) of the reference T-wave by more than the 
prescribed amount. 

[0021] The present invention may also be charac- 
terized as a capture/threshold assessment system for 
use within an implantable pacemaker. The system 

30 including: a pulse generator; a sensing circuit for sens- 
ing voltage signals evidencing depolarization and repo- 
larization of cardiac tissue; and a microprocessor based 
system for characterizing the voltage signals sensed 
during the autocapture/autothreshold routines based on 

35 an analysts of sensed T-waves. The microprocessor 
based system is particularly adapted for first defining a 
capture detection window that lasts a prescribed time 
interval following the generation of a stimulus pulse and 
for determining whether a voltage signal that occurs 

40 during the capture detection window is a depolarization 
voltage signal, which evidences capture, or is a fusion 
beat. 

[0022] For example, in a preferred embodiment the 
microprocessor based system is capable of defining at 

45 least one attribute of a reference T-wave, such as. its 
morphology, pattern and/or stimulus-to-T-wave time 
interval; analyzing the at least one attribute of a sensed 
T-wave that follows the depolarization voltage signal 
sensed during the capture detection window; and clas- 

so sifying the voltage signal that is sensed during the cap- 
ture detection window as a depolarization voltage signal 
or as a fusion beat based on a comparison of the value 
of the attrfoute of the reference T-wave to the same 
attribute of the sensed T-wave. The microprocessor 

55 based system classifies the voltage signal that is 
sensed during the capture detection window as a depo- 
larization voltage signal whenever the measured 
attribute(s) of the sensed T-wave has not varied sub- 
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stantially from the same attribute(s) of the reference T- 
wave. Conversely, the microprocessor based system 
classifies the voltage signal that is sensed during the 
capture detection window as a fusion beat whenever the 
measured attribute(s) of the sensed T-wave has varied 5 
substantially from that of the reference T-wave. 
[0023] Accordingly, it is an aspect of the present 
invention to provide a technique for reliably distinguish- 
ing a fusion beat from an evoked response based on an 
analysis of at least one attribute of the T-wave, and pref- 10 
erably analysis of more than one attribute, such the 
morphology, pattern and/or timing interval of the T- 
wave. 

[0024] It is another aspect of the present invention 
to provide a microprocessor based capture/threshold 75 
assessment system that accurately and reliably detects 
fusion beats during an autocapture/autothreshold rou- 
tine. Advantageously, the detection of fusion beats dur- 
ing such a routine dramatically reduces the likelihood of 
the pacemaker setting an output voltage below thresh- 20 
old and/or recording a threshold that is lower than the 
actual threshold at that point in time. 
[0025] In yet another aspect, the present invention 
can, advantageously, provide a reliable technique and 
system for detecting the presence of fusion beats at any 25 
time during pacing operation. The continuing presence 
of fusion beats may prompt a programmatic change to 
the pacing rate of the implantable pacemaker or to the 
programmed delay intervals (i.e. AV interval) associated 
with the programmed pacing rate. 30 
[0026] Thus, the method provided herein, by identi- 
fying the presence of fusion beats prevents such disad- 
vantageous programmatic changes. 
[0027] The above and other aspects, features and 
advantages of the present invention will be more appar- 35 
ent from the following more particular description 
thereof, presented in conjunction with the following 
drawings wherein: 

FIG. 1 shows an implantable pacemaker coupled to 40 
the heart of a patient; 

FIG. 2 is a block diagram of a representative micro- 
processor-based implantable pacemaker that may 
be used with the present invention; 
FIGS. 3 and 4 illustrate timing waveform diagrams 45 
that conceptually illustrate how the present inven- 
tion discriminates a fusion event from an evoked 
response; 

FIGS. 5, 6 and 7 are a flowchart of a preferred auto- 
capture/autothreshold routine; so 
FIG. 8 is a flowchart generally illustrating a pre- 
ferred T-wave Discrimination Routine in accordance 
with the present invention; and 
FIG. 9 is a more detailed flowchart of a preferred T- 
wave Discrimination Routine in accordance with the ss 
present routine. 

[0028] Corresponding reference characters indi- 



cate corresponding components throughout the several 
views of the drawings. 

[0029] Provided herein is a system and method of 
distinguishing evoked responses from fusion beat 
events by analyzing one or more attributes of the T-wave 
that follows the evoked response or fusion beat. 
[0030] Most cardiac stimulating devices are 
designed to periodically or continually monitor the effec- 
tiveness of the stimulation V-pulses issued therefrom. 
Normally, this is done by establishing a time period, the 
capture detection window, during which the pacemaker 
is sensitive to the voltage waveforms emanating from 
the heart muscle. The time period is generally selected 
such that only the first waveform following the stimula- 
tion V-pulse is detected, and when such a waveform is 
detected, it is assumed that the waveform is the evoked 
QRS complex, evidencing ventricular depolarization 
and, therefore capture. 

[0031 ] It is possible, however, that this first-detected 
waveform is in fact an artifact of a fusion beat, rather 
than an evoked QRS complex. Thus, the method pro- 
vided herein looks to the second waveform, known as 
the T-wave, following the stimulation V-pulse, when a 
first waveform has been detected, and then analyzes 
the T-wave waveform to determine whether the first- 
detected waveform was in fact an evoked response or a 
fusion beat event 

[0032] In one aspect, the method provided herein 
involves establishing an acceptable value range for one 
or more attributes of the patient's Twaves, i.e. the refer- 
ence T-wave values; sensing the T-wave following the 
first-detected waveform that follows the stimulation V- 
pulse; measuring the same one or more attributes of the 
sensed T-wave that have been established for the refer- 
ence T-wave; comparing the values of the sensed T- 
wave attributes to those of the reference T-wave; and 
determining whether the attribute values of the sensed 
T-wave are within the acceptable value range of the ref- 
erence T-wave. If the sensed T-wave attribute values are 
within the acceptable range, it is determined that the 
first-detected waveform was an evoked response. If the 
attribute values are not within the acceptable range, it is 
determined that the first-detected waveform was a 
fusion event. 

[0033] To better understand how the present inven- 
tion may be practiced, it will first be helpful to review the 
main components, and basic operation, of a pacing sys- 
tem. Accordingly, the following overview of a pacemaker 
is presented. 

[0034] In FIG. 1, there is shown an implantable 
pacemaker 10 coupled to a patient's heart 12. The 
implantable pacemaker 10 is a small, battery-powered, 
controllable device that is programmed to monitor the 
activity of the patient's heart 12 and to provide stimula- 
tion pulses to the atrium 14 and ventricle 16 of the 
patient's heart 12 as necessary to maintain a prescribed 
heart rhythm or rate. The implantable pacemaker 10 
may also have a physiological sensor 18 associated 
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therewith. A common type of sensor is an activity sen- 
sor, realized, for example, using a piezoelectric element 
that is mounted inside of the case of the pacemaker, 
which senses the physical activity of the patient How- 
ever, not all pacemakers have a physiological sensor 1 8 
incorporated therein, and such sensor is by no means 
required for practicing the present invention. As is well 
known to those of skill in the art, a pacemaker that is 
capable of adjusting, on demand, the rate of stimulation 
pulses, as a function of one or more sensed physiologi- 
cal parameters, is known as a rate- responsive pace- 
maker. 

[0035] The implantable pacemaker 10 shown in 
FIG. 1 is a dual-chamber pacemaker. This means that 
sensing and/or pacing may occur in both chambers of 
the heart 12, i.e., in the atrium 14 and/or the ventricle 
16. While the present invention is primarily intended for 
use with a dual-chamber pacemaker 10, the basic prin- 
ciple of the invention (avoiding mis-identification of 
fusion beats as evoked responses and vice versa during 
autocapture/ autothreshold routines) can be practiced 
using a single-chamber pacemaker, where sensing and 
pacing occur in only one chamber, e.g., the ventricle, of 
the heart. 

[0036] The preferred dual-chamber pacemaker 10 
is coupled to a heart 1 2 by way of a pair of pacing leads 
20 and 24. One pacing lead 20 has an electrode 22 
positioned in the right ventricle 16 of the heart 12. This 
lead 20 is thus typically referred to as the ventricular 
lead, and the signals generated by the pacemaker 10 
for delivery to the heart 12 through the electrode 22 over 
this lead 20, or the signals sensed through the electrode 
22 and the lead 20, are processed by circuits in what is 
known as the ventricular channel of the pacemaker 10. 
Similarly, a second pacing lead 24 has an electrode 26 
positioned in the right atrium 14 of the heart 12. This 
second lead 24 is thus typically referred to as the atrial 
lead, and the signals generated by the pacemaker 10 
for delivery to the heart 12 through the electrode 26 over 
the atrial lead 24, or the signals sensed through elec- 
trode 26 and the atrial lead 24, are processed by circuits 
in what is known as the atrial channel of the pacemaker 
10. 

[0037] The pacemaker also preferably includes a 
telemetry subsystem 30 for transmitting data and 
parameter values to an external telemetry receiver, and 
for receiving telemetry data instructions and the like 
from an external programmer or other telemetry trans- 
mitter. The manner of establishing and operating a 
telemetry link between an external programmer and 
implantable medical device is well known in the art. 
Data instructions received from the external program- 
mer are typically stored in the pacemaker memory 
associated with the control system and are adapted to 
control the general operation of the pacemaker. 
[0038] It is noted that the control system of the 
pacemaker may take numerous forms, any of which is 
suitable for purposes of the present invention. The 



details of the control system, whether based on a micro- 
processor, state machine, or other type of control 
device, or simulated control device, are not critical to an 
understanding or implementation of the present inven- 

5 tion, and hence are not presented herein. Such details 
may be found in the literature. See, e.g., U.S. Patent No. 
4,712,555, incorporated in its entirety by reference 
herein, wherein a state-machine type of operation for a 
pacemaker is described. What is important for purposes 

10 of the present invention, as explained fully below, is that 
the control system of the pacemaker be capable, in con- 
junction with other pacemaker circuitry, of measuring 
and comparing the morphology, pattern, and/or time 
intervals of various T-waves. 

is [0039] The preferred embodiment of a pacemaker 
adapted for use with the present invention utilizes a 
microprocessor that is controlled by an appropriate pro- 
grammed set of instructions in the pacemaker memory. 
Using a microprocessor in this fashion to control a pace- 

20 maker is known in the art, as described, e.g., in U.S. 
Patent Nos. 5,309.919; 4,940,052; 5,431,691; and 
5,456,692; each of which is incorporated in its entirety 
by reference herein. U.S. Patent Nos. 5,309,919 and 
5,456,692 are particularly relevant for teaching a 

25 method of implementing a microprocessor-controlled 
pacemaker which can be adapted for sensing voltage 
signals in the patient's heart and for determining 
whether the voltage signals are indicative of a fusion 
event or an evoked response. 

30 [0040] With the above overview in mind, reference 
is next made to FIG. 2 where there is shown a more 
detailed functional block diagram of the preferred 
implantable pacemaker 10. As seen therein, the pre- 
ferred microprocessor based pacemaker includes a bat- 

35 tery 32, physiological sensor 18, atrial and ventricular 
leads 20 and 24, atrial and ventricular amplifiers 
(embedded in the analog IC), a magnetic detection 
switch/reed switch 34, crystal oscillator and associated 
timing drcuits 36, a telemetry subsystem 30 (he. com- 

40 munication coil), and a microprocessor 40 with memory 
38. The microprocessor 40 further includes an Analog 
IC 42, Digital IC 44, Pulse Generator Assembly 46, and 
a sufficiently large RAM 38, schematically arranged, as 
shown in FIG. 2. In the preferred embodiment the 

45 microprocessor 40 includes the timing circuits 36 and 
the magnetic detection switch 34. These elements are 
shown separately in FIG. 2 only to highlight the sepa- 
rate timing functions and magnetic detection functions 
performed by the pacemaker. 

so [0041] In FIGS. 3 and 4, there are shown timing 
waveform diagrams that conceptually illustrate one way 
in which the present invention may discriminate an 
evoked response from a fusion event during an auto- 
capture/autothreshold routine. The diagram of FIG. 3 

55 depicts key cardiac events that occur during a typical 
ventricular pacing cycle. The cardiac events illustrated 
in FIG. 3 appear as such events might appear in an int- 
racardiac electrogram (IEGM) signal, with time being 



6 



11 



EP1023 919 A2 



12 



represented along the horizontal axis. Thus, the pacing 
cycle, for purposes of FIG. 3, is defined as the time 
interval between ventricular stimuli, i.e., the time interval 
between a first V-puise 60 and a second V-pulse 62. 
Thus, for a heart paced to beat at a rate of 60 beats per 
minute (bpm), the time interval would be 1000 millisec- 
onds (1 second). (Note: atrial events, e.g., P-waves 
and/or A-pulses are not depicted in FIGS. 3 or 4.) 
[0042] As depicted in FIG. 3, each V-pulse 60 and 
62 is of sufficient energy to capture the cardiac tissue. 
Hence, immediately following each V-pulse 60 and 62, 
there is an evoked R-wave 64 and 66, respectively. The 
R-wave represents depolarization of the ventricular 
muscle tissue. Depolarization of the muscle tissue, in 
turn, causes the ventricular tissue to physically contract, 
thereby pumping Wood (which is, of course, the function 
of the heart). 

[0043] Also shown in FIG. 3, is a period of time, or 
"window" of time, referred to as the capture detection 
window. It is during this capture detection window, e.g., 
the zone 68 following V-pulse 60, and the zone 70, fol- 
lowing V-pulse 62, that an evoked response is most 
likely to occur. Typically, the capture detection window 
lasts between about 5 msec and 100 msec following the 
generation of the V-pulse. A T-wave 72, 74 follows the 
evoked response 64, 66, respectively, of a capturing V- 
pulse 60. 62, respectively. A T-wave always follows a 
depolarization of the cardiac tissue. The T-wave evi- 
dences the repolarization of the ventricular tissue. Dur- 
ing the time period that follows depolarization up until 
the time the T-wave occurs in the cardiac pacing cycle, 
the ventricular muscle tissue is refractory, i.e., it is inca- 
pable of contracting because it is just recovering from a 
depolarization or contraction. Thus, the time interval 
from the evoked response R-wave 64 or 66 to the occur- 
rence of the T-wave 72 or 74, respectively, comprises a 
repolarization time. Assuming that an applied V-pulse 
captures the ventricles, this repolarization time interval 
will be approximately equal to the time interval between 
the V-pulse and the resulting T-wave. 
[0044] In RG. 4, a waveform is depicted that might 
occur during a ventricular pacing cycle in the presence 
of fusion events or fusion beats. As defined above, a 
fusion event or fusion beat is a depolarization that starts 
from two foci, one spontaneous or intrinsic and the other 
a result of the pacemaker stimulation V-pulse. When 
fusion occurs, the waveform may either be mis-identi- 
fied as an evoked response, when in fact no capture has 
occurred, or it may be mis-identified as a loss-of-cap- 
ture event, when in fact capture was achievable. This is 
because the depolarization caused by the stimulation V- 
pulse and the intrinsic depolarization can either comple- 
ment one another, resulting in a detectable waveform 
during the capture detection window, or the two depo- 
larizations may essentially "cancel" each another, 
resulting in a smaller detectable waveform during the 
capture detection window. In either case, it is impossible 
to know whether the issued stimulation V-pulse was of 



sufficient energy to capture the heart muscle because 
its effects were thwarted by the intrinsic depolarization. 
Thus, especially in the case of a detected waveform 
occurring during the capture detection window, analysis 
5 of the subsequent T-wave ensures that the detected 
wave form was indeed an evoked response and not a 
fusion beat event. 

[0045] In the present method, if a signal is detected 
in the capture detection window, then the T-wave is eval- 

10 uated to determine if the sensed signal was a "true" 
evoked response. If a T-wave is detected that is smaller 
(within a predefined percentage) than the reference T- 
wave, then it is concluded that fusion occurred and the 
rate is increased to overdrive the fusion beats. If a T- 

is wave is detected that is within an acceptable range of 
the reference T-wave, then it is concluded that an 
evoked response occurred and capture threshold 
assessment continues. 

[0046] If no signal is detected in the capture detec- 
20 tion window, then H is concluded that a "true" loss-of- 
capture has occurred, a back-up stimulation pulse is 
immediately issued and the output energy of the stimu- 
lation V-pulse. In the preferred embodiment at least two 
consecutive "true" loss-of -captures must occur before 
25 the output energy of the stimulation pulses is incremen- 
tally increased. 

[0047] As shown in FIG. 4, fusion event waveforms 
82. 84, that may be mistaken for evoked responses, and 
a true evoked-response waveform 86 are illustrated. 

30 Each waveform 82, 84, 86 is proceeded by a stimulation 
V-pulse 76, 78, 80, respectively, and each waveform 82, 
84, 86 occurs during the respective capture detection 
window, 88, 90, 92. It is during these capture detection 
windows 88, 90, 92 that the Capture Verification Rou- 

35 tines typically look to determine whether capture or 
loss-of -capture has occurred. Thus, conventional cap- 
ture verification techniques would mistakenly assume 
that all three V-pulses 76, 78, 80 achieved capture 
because of the presence of a waveform in the respec- 

40 tive capture detection windows 88, 90, 92. 

[0048] The present method discriminates between 
a fusion event and an evoked response by looking at the 
subsequent T-waves 94, 96, and 98, respectively. As 
indicated above, a T-wave represents the repolarization 

45 of the ventricular tissue and always follows a depolari- 
zation of the cardiac tissue. The time interval from the V- 
pulse 76, 88. or 80 to the occurrence of the T-wave 94, 
96, or 98 is referred to as the stimulus to T-wave interval 
89, 91, 93. The stimulus to T-wave interval and/or other 

so attributes of the T-wave. such as the morphology, anrpli- 
tude. polarity or pattern, can be used to distinguish a 
fusion beat from a true evoked response. For any cap- 
ture event in a given patient, the resulting T-wave 
attributes have been found to be very consistent and 

55 repeatable parameters. Thus, whenever a true evoked 
response occurs after a V-pulse, the variance in such T- 
wave attributes for a particular patient is minimal. It is 
this non-variance in T-wave attributes that forms the 
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basis of discriminating between a fusion beat and an 
evoked response during the capture verification proc- 
ess. Where the variance between the actual T-wave 
attributes and the expected attributes is significant, the 
"capture event" is identified instead as a fusion event. 
[0049] Hie elements of the pacemaker that are 
preferably used to establish the present capture thresh- 
old assessment system include the pulse generator 
assembly, timing circuits atria! and/or ventricular ampli- 
fiers capable of detecting voltage signals that are indic- 
ative of the depolarization and repolarization of the 
cardiac tissues, and a control system (most preferably a 
microprocessor) for controlling the operation of the 
pacemaker through a set of programmed instructions. 
In particular, the microprocessor is adapted to execute, 
on a periodic or demand basis, an autocapture/auto- 
threshold routine. The autocapture part of the routine 
refers to a capture verification process whereby the 
implantable pacemaker adjusts the output energy of the 
stimulation pulses in order to insure the pulses are of 
sufficiently high energy to cause capture of the patient's 
heart The autothreshold portion of the routine is period- 
ically invoked in an effort to optimize the stimulation 
pulses to both provide capture of the heart and con- 
serve the limited supply of battery power. Under this 
routine, for example, the output energy of the stimula- 
tion pulses is incrementally decreased until capture is 
lost then incrementally increased until capture is 
restored. 

[0050] In the typical implantable pacemaker having 
autocapture/autothreshold routines, the routines allow 
the pacemaker to adjust the pulse width and pulse 
amplitude of the stimulation pulses, preferably within the 
ventricular channel. By means of the adjustment in stim- 
ulation pulse magnitude, the autocapture/autothreshold 
routines optimize the power consumption of the pace- 
maker, yet maintain a suitable capture threshold safety 
margin. In addition, the autocapture and/or autothresh- 
old routine includes a mechanism to provide a backup 
stimulation pulse of sufficient magnitude to cause cap- 
ture when any loss-of-capture event is detected during 
the power consumption optimization sequence. 
[0051] In the flowcharts of Figs. 5-9. each main 
step of the method is depicted in a "box" or "block", with 
each block having a reference numeral assigned thereto 
for reference purposes. The autocapture/autothreshold 
routine operates in conjunction with the programmed 
pacing mode of the implantable stimulation device, e.g., 
an implantable pacemaker, a an implantable cardio- 
verter-defibrillator device. 

[0052] Figs. 5, 6 and 7 present a flowchart of an 
exemplary autocapture/autothreshold routine incorpo- 
rating the new method described herein. This routine is 
merely exemplary, as will be appreciated by those of 
skill in the art Any pacemaker routine, designed to 
determine whether a stimulus has resulted in an evoked 
response, may employ the method and/or apparatus 
described herein, and thereby determine whether a 



sensed response was an evoked response or a fusion 
event 

[0053] As seen in these figures the exemplary auto- 
capture/autothreshold routine includes a variety of initi- 

s ation steps coupled with four major sub-routines that 
operate either continually or on a periodic basis. The 
four major sub-routines include: Evoked Response Cal- 
ibration Routine (104 of FIG. 5); Capture Verification 
Routine (122 of FIG. 6); Loss-of-Capture Recovery 

w Routine (1 42 of RG. 6); and Autothreshold Search Rou- 
tine (170 of FIG. 7). 

[0054] At the start (block 98) of the process, as 
depicted in RG. 5, it is assumed that the pacemaker is 
operating in a desired programmed mode and that all of 
is the pacing parameters needed by the pacemaker to 
operate in its desired program mode have been set 
(block 100). 

[0055] In addition to conventional pacing parame- 
ters, parameters relating to practicing the present inven- 

20 tion are preprogrammed and include a definition of how 
much the primary V-pulse is decreased or increased in 
energy during the relevant portions of the autocap- 
ture/autothreshold routine, how often the periodic Auto- 
threshold Search Routine is to be invoked (e.g.. once a 

25 day, every 90 minutes), and a safety factor. The safety 
factor is used during the Loss-Of -Capture Recovery 
Routine as well as during the Autothreshold Search 
Routine and defines how much above the determined 
capture threshold the ventricular stimulus energy is to 

30 be set. While these preprogrammed parameters are rel- 
evant to the present invention they are also relevant to 
the general operation of the pacemaker and thus are set 
using routine methods, well known to those of skill in the 
art. 

35 [0056] Assuming, then, that all of the pacing param- 
eters have been set (block 100), a first determination is 
made as to whether the autocapture/autothreshold rou- 
tine is to be enabled (block 1 02). 
[0057] If the autocapture/ autothreshold routine has 

40 not been enabled (NO branch of block 102), the pace- 
maker resumes cardiac pacing in the desired pro- 
grammed mode (block 107) if pacing is still required 
(blocks 108 and 109). 

[0058] If it has been enabled (YES branch of block 
45 102), the process initiates the Evoked Response Cali- 
bration Routine (block 104). The Evoked Response Cal- 
ibration Routine (block 104) adjusts the evoked 
response detection sensitivity after measuring the 
polarization caused by a pacing pulse delivered during 
so the natural refractory period of the heart As seen in 
RG. 5, the Evoked Response Calibration Routine (block 
104) is executed prior to enabling the autocapture/auto- 
threshold routine (block 106) in order to adjust the sen- 
sitivity of the atrial and ventricular amplifiers. 
55 [0059] After the autocapture/autothreshold routine 
has been enabled (block 106), the next determination 
that is made is whether it is time to initiate (block 1 10) a 
periodic running of the Threshold Search Routine. Typi- 
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cally, the Threshold Search Routine (block 170 of FIG. 
7) will start automatically at a specified frequency, e.g., 
once or twice every 8-12 hours, or 3-6 times every day. 
Also, the Threshold Search Routine (block 170 of FIG. 
7) may be triggered by command from an external pro- 
grammer, or upon the occurrence of certain events 
within the pacemaker. 

[0060] It it is time to start the Threshold Search 
Routine (YES branch of block 1 10), then a first step is to 
verify that the proper conditions exist to accurately per- 
form the Threshold Search Routine (block 1 12). In gen- 
eral, such conditions require that the pacemaker be 
engaged in ventricular pacing (generating V-pulses) at a 
rate that is stable (e.g., when the patient is at rest). It is 
noted that in the preferred embodiment, the Threshold 
Search Routine (block 170) is suspended whenever the 
patient's pacing rate is over 100 pulses per minute 
(PPm). 

[0061] If the pacemaker is engaged in ventricular 
pacing, a determination is made as to whether there is 
sensed patient activity. Sensed patient activity can 
readily be determined if the pacemaker is a rate-respon- 
sive pacemaker by simply checking the sensor-indi- 
cated-rate (SIR) signal generated by the pacemaker's 
physiological sensor. If the pacemaker is a duel-cham- 
ber pacemaker, capable of sensing naturally occurring 
P-waves, patient activity may also be sensed by simply 
looking at the P-wave rate. If the P-wave rate is high, 
e.g., greater than 100 pulses per minute (ppm), then 
that indicates the patient is probably exercising (or 
engaging in some other not-at-rest activity). If patient 
activity is sensed, then that suggests the patient is not 
at rest and the proper condition for executing the thresh- 
old search program do not exist (NO branch of block 
1 1 2). As such, the Threshold Search Routine is delayed 
for a prescribed amount of time, during which delay the 
pacemaker continues to operate in its programmed 
mode. If patient activity is not sensed, then the proper 
conditions lor performing the subthreshold assessment 
process have been verified and the autothreshold pro- 
cedure begins. Details of the Threshold Search Routine 
(block 1 70) are provided below. 
[0062] If it is not time to commence the Threshold 
Search Routine (NO branch of block 1 10), then the next 
determination is whether the autocapture/autothreshold 
routine is active (block 118). If the autocapture/auto- 
threshold routine is not active or not in use (NO branch 
of block 1 18), the pacemaker simply continues to pace 
in its programmed mode (See blocks 107, 108, and 
109). If, however, the autocapture/autothreshold routine 
is active and is in use (YES branch of block 118), the 
pacemaker proceeds to run the Capture Verification 
Routine in conjunction with the desired pacing mode 
(block 120). 

[0063] When initiated, the Capture Verification Rou- 
tine (block 122, as shown in FIG. 6) is a continuously 
running program that performs a loss-of -capture criteria 
test for each stimulation pulse generated during the pro- 



grammed pacing sequence. The loss-of-capture criteria 
test used within the Capture Verification Routine (block 
122) is initiated with the generation of a stimulation 
pulse (block 124), and preferably a V-pulse. The Cap- 

s ture Verification Routine (block 122) then starts a cap- 
ture detection window (block 126) that lasts a 
prescribed time interval following the generation of the 
stimulus pulse. The routine then determines whether a 
voltage signal occurs or other response is sensed dur- 

w ing the capture detection window (Hock 1 27). If so (YES 
branch of block 127), the T-wave Discrimination Routine 
is invoked (block 130) and the attributes of the subse- 
quent waveforms are measured to determine whether 
the first sensed voltage signal was a depolarization volt- 

15 age signal, which evidences capture, or some other sig- 
nal such as a fusion beat. 

[0064] If there is no voltage signal or other 
response detected during the capture detection window 
(NO branch of block 127), then the Capture Verification 

20 Routine (block 122) generates a backup stimulation 
pulse (block 132) after the capture detection window 
has elapsed or timed out (block 131). The amplitude 
and pulse width of the back-up stimulation pulse is of 
sufficient magnitude to cause capture which maintains 

25 the patient's heart rhythm. The actual magnitude of the 
backup stimulation pulse (block 132) may be a function 
of the current capture threshold. The backup stimulation 
pulse (block 132), if needed, is delivered immediately 
after the capture detection window has elapsed (block 

30 131). The capture detection window preferably lasts 
between about 60 msec and about 100 msec after the 
primary stimulation pulse (block 124). After the back-up 
pulse has been generated (block 132), the event is 
recorded as a loss-of-capture event (block 134). 

35 [0065] Alternatively, as described in detail below, a 
enhanced Loss-Of-Capture Verification Routine (block 
142 of RG. 6) may be employed to determine whether 
an actual loss-of-capture event or fusion event has 
occurred. 

40 [0066] Assuming the event was a loss-of-capture 
and was an isolated event (YES branch of block 135), 
i.e. less than two successive loss-of capture events, the 
microprocessor then resumes pacing in the prescribed 
programmed mode while checking to see if it is time to 

45 run the Threshold Search Routine (block 1 1 0). 

[0067] As indicated in the above description, if a 
response is sensed during the capture detection win- 
dow (YES branch of block 127), then the T-wave Dis- 
crimination Routine is initiated (block 130), which is 

so described in more detail below. If the T-wave Discrimi- 
nation Routine (block 130) identifies the response as a 
"true" evoked response (YES branch of block 136), the 
Capture Verification Routine (block 122) continues the 
pacing in accordance with the programmed pacing 

55 mode. If, however, the Twave Discrimination Routine 
(block 130) identifies the response as a fusion beat or 
fusion event (NO branch of block 136), it is logged as 
such (block 1 38) in the pacemaker memory unit and the 
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stimulation rate is increased be a predetermined 
amount so as to overdrive the intrinsic rate (block 140). 
The pacemaker then continues the programmed pacing 
routines. 

[0068] If "n" successive loss-of -capture events have 
occurred (YES branch of block 135) (where "n" is pref- 
erably at least 2), the Loss-of-capture Recovery Routine 
(block 142) is then performed. The Loss-of-capture 
Recovery Routine (block 142) is adapted to incremen- 
tally increase a test pulse output and determine whether 
the prescribed capture acceptance criteria are met 
which is indicative of capture. Specifically, the Loss-Of- 
Capture Recovery Routine (block 142) is initiated with 
the generation of a test pulse output (block 144) which 
then starts the capture detection window (block 146). 
[0069] If a voltage signal or response is sensed dur- 
ing the capture detection window (YES branch of block 
148), the Loss-Of-Capture Recovery Routine may then 
invoke the T-wave Discrimination Routine (block 130). 
[0070] When a response is not sensed during the 
capture detection window (NO branch of block 1 48) and 
the capture detection window has elapsed or timed-out 
(block 150), a backup pulse is generated (block 152) 
and the test pulse output is then incrementally 
increased (block 154) and another test pulse is gener- 
ated at the incrementally increased level (Return to 
block 144). Incrementally increasing the test pulse out- 
put (block 154) preferably involves adjusting the test 
pulse amplitude, the test pulse width, or both. The cor- 
rect pulse amplitude and pulse width needed to ensure 
safe pacing of the patient's heart are determined by 
repeating this process at incrementally increased test 
pulse output levels until a test pulse output of sufficient 
magnitude is found that ensures capture. 
[0071] The capture acceptance criteria used during 
the execution of this routine involves analyzing the 
attributes of waveforms following the detection of a volt- 
age signal in the capture detection window. Thus, it is 
important to determine whether the voltage signal that 
occurs during the capture detection window immedi- 
ately following the test pulse is a depolarization voltage 
signal, which evidences capture, or a fusion beat which 
may or may not evidence capture. 
[0072] As with the Capture Verification Routine, the 
enhanced Loss-Of-Capture Recovery Routine, shown 
in FIG. 6, preferably utilizes the T-wave Discrimination 
Routine (block 130) as part of the capture acceptance 
criteria to identify the presence of a fusion beat. 
[0073] If the T-wave Discrimination Routine (block 
130) identifies the response as a "true" evoked 
response (YES branch of block 156) and the Loss-Of- 
Capture Recovery Routine (block 142) determines that 
the test pulse output is of sufficient magnitude to ensure 
capture, a safety factor is then added to the test pulse 
output level (block 158) in order to provide an additional 
margin of safety. The resulting value (test output level 
assuring capture plus safety value) is then used as the 
stimulation pulse output level during subsequent pacing 



operations (block 160). 

[0074] If, however, the T-wave Discrimination Rou- 
tine identifies the response as a fusion beat or fusion 
event (NO branch of block 156), the Loss-Of-Capture 

5 Recovery Routine (block 142) does not adjust the out- 
put level of the test pulse but instead increases the stim- 
ulation rate so as to override the intrinsic rate (block 
162) and instead, repeats the test at the previous output 
level until the fusion beat is absent (Return to block 

10 144). 

[0075] As shown in FIG. 7, the Threshold Search 
Routine (block 170) is preferably performed as soon as 
the Loss-Of-Capture Recovery Routine (block 142) is 
complete. The Threshold Search Routine (block 170) 

75 uses a combination of capture acceptance criteria and 
loss-of-capture criteria to determine the pacing thresh- 
old. During the Threshold Search Routine (block 170), 
the pacemaker first decreases the amplitude and pulse 
width of the output stimulus until capture is lost. The out- 

20 put is then incrementally increased until capture is 
regained to determine the threshold value. Only after 
capture has been lost and then regained is the thresh- 
old search program complete. 
[0076] In particular, the Threshold Search Routine 

25 (block 170) first generates a stimulation pulse at a pre- 
scribed level (block 1 72). The capture detection window 
is started (block 174) and the routine then determines 
whether a response or voltage signal is sensed during 
the capture detection window (block 176). 

30 [0077] If a response is sensed (YES branch of block 
176), the Threshold Search Routine may initiate the T- 
wave Discrimination Routine (block 130) which either 
verifies that the sensed response was an evoked 
response (YES branch of block 178) or identifies the 

35 response as a fusion beat (NO branch of block 178). 
[0078] If the T-wave discrimination invoked during 
the Threshold Search Routine identifies the response 
as a fusion beat (NO branch of block 178), the Thresh- 
old Search Routine does not adjust the output level of 

40 the pulse but instead increases the stimulation rate so 
as to override the intrinsic rate (block 1 84) and repeats 
the test at that same cutout level (Return to block 172). 
[0079] If, however, the Threshold Search Routine 
identifies the response as an evoked response (YES 

45 branch of block 178), the Threshold Search Routine 
decreases the output level of the pulse (block 1 82) and 
issues a stimulation pulse at the new level (block 1 72) 
until the evoked response is absent (no at block 176 ), 
thereby indicating capture threshold has been attained. 

so The Threshold Search Routine continues this process 
until the threshold search is complete. 
[0080] Once complete (Yes branch of block 1 80), a 
determination is made whether to continue pacing in 
accordance with the desired programmed mode or to 

55 end the autocapture/autothreshold routine. 

[0081] In the event that no response was sensed 
during the capture detection window (NO branch of 
block 176), and the capture detection window has 
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elapsed (block 1 86), the pacemaker then issues a back- 
up stimulation pulse (block 188). As with the earlier 
described sub-routines, every loss-of-capture of the pri- 
mary output stimulus is typically followed by a high out- 
put back-up stimulus in order to maintain the cardiac 5 
rhythm of the patient during the Threshold Search Rou- 
tine. 

[0082] Alternatively, as described below, an 
enhanced Loss-Of-Capture Verification Routine may be 
employed to determine whether an actual loss-of-cap- 10 
ture event, or a fusion beat has occurred. Assuming a 
loss-of-capture has occurred, the Threshold Search 
Routine then incrementally increases the pulse output 
level and generates another stimulation pulse at the 
incrementally increased level (Return to block 1 72). is 
[0083] As indicated above, the Threshold Search 
Routine can also be programmed to be executed at a 
prescribed frequency such as once every 90 minutes or 
once every 24 hours. Since the Threshold Search Rou- 
tine utilizes both capture acceptance criteria as well as 20 
loss-of-capture criteria, it is important to properly iden- 
tify fusion beats. Again, the T-wave Discrimination Rou- 
tine is employed to identify a fusion beat that may occur 
during the capture detection window. 
[0084] From the above discussion rt is seen that 25 
three of the four sub-routines included as part of the typ- 
ical autocapture/autothreshold routine, as exemplified 
herein, may include the T-wave Discrimination Routine 
described and claimed herein. This T-wave Discrimina- 
tion Routine, described in detail below, distinguishes a 30 
response sensed during the capture detection window 
as an evoked response or a fusion event. 
[0085] Referring next to FIG. 8, there is shown a 
general flowchart of the preferred T-wave Discrimination 
Routine as contemplated herein. FIG. 8 35 
[0086] As seen in the block diagram of FIG. 8, the 
present method of T-wave discrimination involves four 
primary steps including the initial step of defining an 
acceptable value range for one or more attributes (mor- 
phology, amplitude, polarity, pattern, and timing) of a 40 
reference T-wave (block 200); measuring the same one 
or more attributes (morphology, amplitude, polarity, pat- 
tern, and timing) of the sensed T-wave (block 202); com- 
paring the sensed T-wave attributes to the reference T- 
wave attributes (block 204); and classifying the voltage 4$ 
signal sensed during the capture detection window as 
either an evoked response, indicative of capture, or as a 
fusion event, which may or may not indicate capture 
(block 206). 

[0087] For purposes of the present disclosure, the so 
morphology of the T-wave refers to particular features 
relating to the form and structure of the T-wave wave- 
form at a particular moment in time. For example, the 
slope of the T-wave and/or the amplitude of the T-wave 
at any identified moment in time may be included as ss 
part of the morphology of the T-wave. The pattern of the 
T-wave refers to entire sequence (i.e. from start to fin- 
ish) of the T-wave waveform. In other words, a compari- 



son of the pattern of T-waves involves a comparison of 
the entire waveform against the reference T-wave tem- 
plate waveform. Lastly, the timing of the T-wave refers to 
the time interval between the stimulation pulse to the 
subsequent T-wave, that is, the stimulus to T-wave inter- 
val. It is also important to note that the step of defining 
the morphology, pattern, and timing of a reference T- 
wave, as well as the acceptable value range therefore, 
can alternatively be accomplished by the microproces- 
sor at any time and stored in the memory unit associ- 
ated with the microprocessor and need not, and 
preferably is not, done during the execution of the auto- 
capture/autothreshold routine. Further, it is noted that T- 
wave attributes and acceptable value ranges therefore 
are patient specific. 

[0088] Once the T-wave Discrimination Routine 
(block 130) is invoked or started (block 198), it performs 
the four primary steps in the identified sequence. The 
first step involves defining the morphology, pattern, 
and/or stimulus to T-wave time interval (timing) of the 
reference T-wave and determining what variation there- 
from will be accepted as normal (block 200). This step is 
preferably accomplished using predefined statistical 
processes. For example, the reference stimulus-to-T- 
wave time interval is determined by monitoring a pre- 
scribed number. e.g.. 3-10. of paced cardiac cycles, 
measuring the time interval from the V-pulse to the T- 
wave for each cycle, and averaging the values of the 
time intervals thus measured. This determination of the 
reference stimulus-to-T-wave time interval is preferably 
performed while the patient is at rest and the heart 
rhythm is stable. Likewise, a prescribed number of T- 
waves may be monitored, while the patient is at rest, to 
determine the reference T-wave morphology and refer- 
ence T-wave pattern using related statistical processes. 
Similarly, and optionally simultaneously, the range of 
values tor this (these) attribute(s) that will be considered 
within normal limits is determined, for example, by refer- 
ence to the range of values as measured for each 
parameter. 

[0089] The next step (block 202) of the T-wave Dis- 
crimination Routine Involves measuring various 
attributes (morphology, pattern and timing) of a T-wave 
that immediately follows the voltage signal sensed dur- 
ing the capture detection window (block 202). Measur- 
ing the various attributes is accomplished, for example, 
through the analysis of a predefined portion of the I EGM 
signal which represents the sensed voltages and/or 
measuring the entire T-wave profila 
[0090] The third step (block 204) involves compar- 
ing the measured T-wave attributes to the reference T- 
wave attributes (block 204). Finally, the fourth step 
(block 206) involves classifying the sensed voltage sig- 
nal as either a "true" evoked response, if the morphol- 
ogy of the measured T-wave, amplitude, polarity, pattern 
of the measured T-wave, and/or timing of the measured 
T-wave has not varied from the morphology, amplitude, 
polarity, pattern and/or timing of the reference T-wave by 
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more than a prescribed amount (block 206), or as a 
fusion event, if the attribute(s) of the measured T-wave 
has varied from thatfthose of the reference T-wave by 
more than a prescribed amount. 
[0091 ] Those of skill in the art are well aware of the 
fact that timing, amplitude, polarity, morphology and 
pattern of cardiac signals can vary significantly from 
individual to individual. With this in mind, the exact 
amount of variance required herein to classify the volt- 
age signal as a fusion beat will depend upon the individ- 
ual. TTius, when enabling the autocapture/autothreshold 
routine, the physician may either program a standard 
acceptable value range for each T-wave attribute, or as 
stated above, the acceptable value range(s) may be cal- 
culated by the pacemaker itself based upon statistical 
analysis of measured values of the attributes of refer- 
ence T-waves. For example, if the variation observed in 
the morphology, pattern or timing of a sampling of refer- 
ence T-waves is i 10%. then the acceptable value range 
for that attribute will be set. at least, to the average value 
for the attribute ± 10% Again, those of skill in the art are 
readily familiar with such a process of observing an indi- 
vidual patient's cardiac signal behavior and accounting 
for the normal variance thereof Upon completion of the 
classification step (block 206). the T-wave Discrimina- 
tion Routine passes the information back to the auto- 
capture/autothreshold routine (block 208). 
[0092] In particular, it is the microprocessor that is 
programmed to determine or analyze the character of 
the voltage signal that occurs during a predefined cap- 
ture detection window which follows a stimulation pulse 
The programmed set of instructions are preferably 
telemetered to the pacemaker from an external pro- 
gramming device via the telemetry subsystem. In order 
for the microprocessor to accurately identify the voltage 
signal, it must first an evoked response calibration step 
(block 104, Fig. 5) and then, in order to distinguish 
fusion events, define a reference T-wave morphology, 
pattern and/or timing and define an acceptable variation 
for these attributes. The microprocessor must then 
measure or analyze the corresponding morphology, 
amplitude, polarity, pattern and/or timing of a sensed T- 
wave. The sensed T-wave follows the voltage signal that 
is present during the capture detection window which 
follows a generated stimulation pulse. 
[0093] The microprocessor is further programmed 
to identify the voltage signal that is sensed during the 
capture detection window as a depolarization voltage 
signal, evidencing capture, whenever the measured 
attribute of the sensed T-wave has not varied substan- 
tially from the acceptable value for that same attribute of 
the reference T-wave. Conversely, the microprocessor 
identifies the voltage signal that is sensed during the 
capture detection window as a fusion event whenever 
the measured attribute of the sensed T-wave has varied 
substantially from the acceptable value for that same 
attribute of the reference T-wave. 
[0094] It will be appreciated by the skilled artisan 



that the T-wave Discrimination Routine described herein 
may be employed in any pacemaker routine wherein it is 
desirable to verify capture by sensing a voltage wave- 
form, or other response to a stimulation pulse, during a 
5 capture detection window. FIG. 9 illustrates such a gen- 
eral use of the T-wave discrimination disclosed routine 
herein. 

[0095] FIG. 9 starts with the pacemaker program- 
ming determining that a stimulation pulse is required 

10 250. The stimulation pulse is issued 252, and the cap- 
ture detection window is started 254. It is then deter- 
mined whether a response to the stimulation pulse is 
sensed during the capture detection window 256. If a 
voltage signal or other response is sensed during the 

15 capture detection window, then the T-wave Discrimina- 
tion Routine is initiated 256. At this point, it is noted that 
the step of defining attributes of the reference T-wave, 
which is illustrated as block 200 on FIG. 8. may be 
included at this point or may be performed separately 

20 and the information stored in the pacemaker memory 
circuitry. Thus, while this step has been deleted from 
RG. 9. it is necessary to the operation of the T-wave 
Discrimination Routine. 

[0096] Returning then to FIG. 9. the next step is to 
25 measure one or more preselected attributes of the 
sensed T-wave 260 and compare the measurements) 
with the same attribute(s) of the reference T-wave 262. 
It is then determined whether the measured attribute(s) 
of the sensed T-wave are within pre-defined acceptable 
30 parameters 264. 

[0097] If the sensed T-wave is acceptable, then the 
pacemaker continues with its programming that is rele- 
vant to a stimulation pulse resulting in a normal evoked 
response 266. 

35 [0098] tf, on the other hand, the T-wave attribute^) 
is/are not within acceptable limitations, it is assumed 
that a fusion event has occurred and a the stimulation 
rate is increased so as to override the intrinsic rate and 
the fusion event recorded into the pacemaker memory 

40 268. 

[0099] It will , of course, be appreciated that record- 
ing such information into the pacemaker memory is not 
necessary to the operation of the T-wave Discrimination 
Routine, but may be useful to the physician or other 
45 medical personnel upon interrogation of the pacemaker. 
The pacemaker then initiates its programming relevant 
to the occurrence of such a fusion event 270. 
[0100] Looking back to that portion of the routine 
wherein a response is or is not sensed during the cap- 
so ture detection window 256. If no response is sensed, 
then it determined whether the capture detection win- 
dow has timed out 272. If it has not timed out, then the 
pacemaker remains sensitized to detection of a 
response until the capture detection window has timed 
55 out or a signal has been sensed (NO branch of 272). If 
the capture detection window has timed out (YES 
branch of 272), then a back-up pulse is issued and a 
loss-of-capture event recorded 274. The pacemaker 
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then initiates its programming relevant to such a loss-of- 
capture event 276. 

[0101] The purpose of the present T-wave Discrimi- 
nation Routine is to distinguish a fusion event from an 
evoked response. It is noted that the invention may be 5 
practiced simply by looking for a significant change in 
the morphology of the T-wave that occurs immediately 
after a voltage signal is sensed during the capture 
detection window. The change in T-wave morphology 
relative to a defined reference T-wave morphology is a 10 
very good indication of whether a true evoked response 
occurred. If a true evoked response did not occur, the 
present voltage signal is presumed to be representative 
of a fusion beat. Alternatively, the invention may be 
practiced simply by looking for a significant change in 75 
the pattern of the T-wave as compared to a previously 
defined reference T-wave pattern. Again any significant 
chance in the T-wave pattern relative to a baseline or 
reference T-wave pattern indicates the sensed voltage 
was not a true evoked response. A third alternative 20 
technique for practicing the invention is to simply meas- 
ure the stimulus-to-T-wave time interval and look for a 
significant difference in the measured time interval com- 
pared to a reference time interval. If a significant differ- 
ence does exist, it is assumed the sensed voltage signal 2$ 
was a fusion beat event. 

[01 02] It is also noted that the invention can utilize a 
combination of T-wave morphology and T-wave pattern 
discrimination criteria, T-wave morphology and T-wave 
timing interval discrimination criteria, T-wave pattern 30 
and T-wave timing interval discrimination criteria, or 
even a combination of all three T-wave discrimination 
criteria. In addition, whenever the invention, as prac- 
ticed, relies on a change in the stimulus-to-T-wave time 
interval to discriminate between a fusion event and an 35 
evoked response, it is not necessary that the time inter- 
val measurements be made from the V-pulse to the 
peak of the subsequent T-wave. All that is required is 
that such time interval measurements always end at the 
same reference point within the T-wave, e.g. the start of 40 
the T-wave, peak of the T-wave or end of the T-wave. 
[01 03] From the foregoing, it should be appreciated 
that the present invention thus provides a method for 
reliably verifying capture in an implantable pacemaker 
by accurately discriminating a fusion event from a non- 45 
fusion event during any routine employing a capture 
detection window to sense capture; the method being 
based on an analysis and comparison of the morphol- 
ogy, pattern and/or timing intervals of T-waves, subse- 
quent the detection of a voltage wave form during the so 
capture detection window. 

Claims 

1. An implantable stimulation device (20), comprising ss 
a pulse generator (46) which generates stimulation 
pulses at a predetermined rate, a timing circuit (36), 
a sensing circuit (18) and a processor circuit (40) 



coupled to the sensing circuit (18), characterised in 
that: the timing circuit (36) is triggered by the gener- 
ation of a stimulation pulse, that defines a first and 
second detection window; the sensing circuit (18) 
senses a first response during the first detection 
window following a stimulation pulse and a second 
response during the second detection window; and 
the processor circuit (40) determines if a T-wave 
which is sensed in the second detection window 
corresponds to a true evoked response or a fusion 
beat, the processor circuit (40) further having 
means for increasing the rate when fusion beats 
occur. 

2. A stimulation device as claimed in Claim 1 , charac- 
terised by means for measuring a reference T- 
wave, means for measuring the same attribute of 
the current T-wave and means for comparing the 
reference T-wave to the current T-wave. 

3. A stimulation device as claimed in Claim 2, charac- 
terised in that the processor circuit (40) comprises: 
means for defining an acceptable value range for an 
attribute of the reference T-wave; means for defin- 
ing the first sensed response as an evoked 
response when the measured attribute of the cur- 
rent T-wave is within the acceptable value range of 
the reference T-wave attribute; and means for defin- 
ing the evoked response as a fusion event when the 
measured attribute of the current T-wave is not 
within the acceptable value range of the reference 
T-wave attribute. 

4. A stimulation device as claimed in Claim 1 , charac- 
terised in that the at least one attribute of the refer- 
ence T-wave and the measured T-wave is selected 
from morphology, amplitude, polarity, pattern and 
stimulus to T-wave time interval. 

5. A stimulation device as claimed in Claim 4, charac- 
terised in that at least two attributes of the reference 
T-wave are defined and the same at least two 
attributes of the measured T-wave are measured. 

6. A stimulation device as claimed in Claim 6, charac- 
terised in that the defined attributes of the reference 
T-wave and the measured attributes of the meas- 
ured T-wave comprise morphology, amplitude, 
polarity, pattern and stimulus to T-wave time inter- 
val. 

7. In an implantable pacemaker, a method of discrimi- 
nating between a fusion event or an evoked 
response, the method comprising the steps of: gen- 
erating stimualtion pulses at a predetermined rate; 
sensing a first response during a first detection win- 
dow following a stimulation pulse; sensing T-waves 
during a second detection window that follows the 
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stimulation pulse; determining if a current T-wave 
corresponds to a true evoked response or a fusion 
beat; and increasing the rate when fusion beats 
occur. 

5 

8. A method for discriminating a fusion event from an 
evoked response in an implantable pacemaker dur- 
ing an autocapture/autothreshold route, wherein 
the autocapture/autothreshold routine adjusts the 
output energy of stimulation pulses in response to 10 
sensing and not sensing a response to a stimula- 
tion pulse, the method comprising the steps of: 
defining at least one attribute of a reference T-wave 
wherein the definition includes an acceptable vari- 
ance in that attribute; sensing a first response cor- is 
responding to a stimulation pulse delivered during 
the autocapture/autothreshold routine; measuring 
the same at least one attribute as was defined for 
the reference T-wave for a T-wave corresponding to 
the stimulation pulse; comparing the at least one 20 
attribute of the T-wave to the same at least one 
attribute of the reference T-wave; defining the first 
sensed response to the stimulation pulse as an 
evoked response if the measured attribute of the T- 
wave is within the acceptable variance of the refer- 25 
ence T-wave definition; and defining the first sensed 
response to the stimulation pulse as a fusion event 

if the measured attribute of the T-wave is not within 
the acceptable variance of the reference T-wave 
definition. ™ 

9. In an implantable pacemaker, a method for classify- 
ing a voltage signal sensed in response to a stimu- 
lation pulse as an evoked response or a fusion 
beat, the method comprising the steps of: generat- 35 
ing stimulation pulses to a patient's heart; defining 

an acceptable value range for at least one attribute 
of the patient's T-waves; sensing the voltage signal 
in response to a stimulation pulse; sensing the T- 
wave that follows the sensed voltage signal; meas- 40 
uring the at least one attribute of the sensed T- 
wave; classifying the sensed voltage signal as a 
fusion beat if the measured attribute of the T-wave 
is beyond the prescribed acceptable value range; 
and classifying the sensed voltage signal as an 45 
evoked response if the measured attribute of the T- 
wave is within the prescribed acceptable value 
range. 
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